Feasibility of FSW to produce defect-free welds and for microstructure refinement in a ZK60 magnesium alloy has been examined over wide ranges of rotational and welding speeds. The results showed that joined-state was affected very much by the thickness of plates to be joined: for ''thin'' 3-mm thick plates, FSW was successful in a relatively wide range of welding conditions, whereas all ''thick'' 6-mm welds were found to be defective irrespective of rotational and welding speeds used. We have demonstrated that FSW is a very effective tool for microstructure refinement in the ZK60 alloy plates: A coarse, mm-scale, original grain structure was efficiently refined down to fine-grained range. It appears that second-phase particles containing Zr play an important role in the grain refinement.
Introduction
Magnesium alloy is one of the lightest metallic materials in practical use for structural applications. The promising balance of physical and mechanical properties of such alloys including high specific strength makes them very attractive for automotive and aerospace industries. However, despite the important benefits, magnesium alloys have been used for only limited applications due to their two principal drawbacks; generally poor weldability and low ductility.
Friction Stir Welding (FSW), a novel technology invented in 1991, 1) appears to be a very promising processing technique for broadening the industrial application of magnesium alloys. As it is a solid-state process, FSW can avoid or limit solidification problems conventional fusion welding techniques have and thereby it can provide defect-free welds having good properties even in materials that are generally thought to be not appropriate for fusion welding. On the other hand, a material being subjected to FSW usually undergoes extreme levels of plastic deformation and thermal exposure, and these can lead to a significant microstructure refinement in the central part of the weld zone. This characteristic of the process allows us to consider FSW as a potential tool for superplastic property enhancement in magnesium alloys.
Considering the potential advantages of FSW, a number of research efforts have been made to evaluate effects of FSW on microstructures and various properties of magnesium alloys. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Many studies on the ability of FSW to produce defect-free welds in some magnesium alloys have been published to date. 9, [12] [13] [14] [15] However, as far as the authors know, the influence of FSW parameters on weldability of magnesium alloys has not yet been fully investigated and optimal ''processing window'' for joining has not been determined. On the other hand, the effect of FSW on microstructure refinement in magnesium alloys has been studied much extensively.
2-5,7-18) Results of these studies have shown that FSW is generally suitable for grain refinement but the refining efficiency appears to be not very high and noticeable grain size reduction is typically observed only in cast alloys. 3, [7] [8] [9] In order to facilitate microstructure refinement, special approaches have been used in some works involving addition of ceramic particles into magnesium matrix [15] [16] [17] or effective cooling of the material under FSW by liquid nitrogen. 18) It should be stressed that the above mentioned research attempts have focused mainly on Mg-Al based alloys. In contrast, less attention has been given to Mg-Zr based magnesium alloys. Zirconium is known to be an extremely potent grain refiner for magnesium alloys, and Mg-Zr based alloys have significant industrial importance due to their improved strength, ductility, creep resistance and so forth. More knowledge about feasibility of FSW for welding and microstructure refinement in these alloys is, therefore, required.
The work presented in this paper is part of a research project aimed to investigate the effects of FSW on microstructures and various properties of a ZK60 magnesium alloy belonging to Mg-Zn-Zr system. The present paper examines the feasibility of FSW to (i) produce defect-free welds and (ii) for microstructure refinement in the ZK60 and then evaluates the range of the appropriate processing conditions. For that purpose, a series of friction-stirred welds were made over wide ranges of rotational and traveling (welding) speeds for the plates having different thicknesses.
Experimental Procedure
The base material used in the present investigation was a commercial ZK60A magnesium alloy with nominal chemical composition (in mass%): Zn 4.8-6.2, Zr 0.45-0.8, other element 0:05, sum of other elements 0:30 and balance Mg. The material was received as a hot-extruded bar.
Plates to be welded of about 50 mm in width were cut from the extruded bar perpendicular to the extrusion direction. Two sets of the plates of different thicknesses (t), 3 mm and 6 mm, were used in our study and the resulting welds are designated as ''A'' and ''B'', respectively. The plates were milled to provide a rectangular shape with parallel surfaces and then were butt-joined in pairs by a single FSW pass. To evaluate the ranges of appropriates processing conditions for the two thicknesses, FSW was performed at different combinations of rotational (600 to 2000 rpm) and travel (100 to 400 mm/min) speeds, as shown in Table 1 . Welding tool has a shoulder having diameter of 14 mm and a M6 threaded cylindrical pin. The pin length was slightly shorter than the thickness of the plate (2.8 mm in the case of A-welds and 5.8 mm in B-ones). During FSW, the tool was tilted by 3 o from the plate normal.
After the FSW, the obtained welds were cross-sectioned perpendicular to the welding direction, and were studied by optical microscopy (OM), scanning electron microscopy (SEM), electron back-scatter diffraction (EBSD) technique and by energy-dispersive X-ray (EDX) analysis. The welds were ground with water abrasive papers, mechanically polished with a final polishing step comprising of 0.1 mm alumina suspension, and chemically etched in the solution of 4.2 g picric acid + 65.8 ml ethanol + 10 ml acetic acid + 10 ml distilled water. A suitable surface finish for EBSD was obtained by applying a mechanical polishing in a similar fashion followed by electro-polishing in 6 : 3 : 1 ¼ methanol : glycerine : nitric acid solution at approximately 5 to 10 C with an applied potential of 18 V. Grain size was measured by the linear intercept method and volume fraction of second-phase particles was evaluated by the point-count technique. Chemical composition of the particles was examined with EDX.
High resolution EBSD analysis was conducted in a field emission gun SEM, equipped with TSL OIMÔ EBSD system. Orientation mapping involving automatic beam scanning was performed and EBSD maps of 20000 to 50000 pixels with step (pixel) sizes of 0.1 to 0.5 mm, containing $50 to 1000 grains, were obtained. In order to eliminate spurious boundaries caused by orientation noise, a lower limit boundary misorientation cut-off of 2 o was used. All misorientation angles quoted are relative to the rotation axis with the minimum misorientation and 15 o criterion was used to define low-angle versus high-angle boundaries. In the EBSD maps presented in this paper, low angle boundaries are depicted as white line, and high angle boundaries as black line.
Results and Discussion

Weldability
In fusion welding, formed defects such as pores, solidification cracks, etc. deteriorate the weld quality and joint properties. Usually, friction stir welded (FSWed) joints are free from these defects. However, FSWed joints are prone to produce other defects like flash, tunnel-type defects, voids, groove-like defects, etc., most of which are caused by insufficient flow and/or consolidation of the material in friction stirred region. All the FSWed joints (hereafter referred to as ''welds'') fabricated in this investigation are analysed at first at a low-magnification to reveal the quality of friction stirred regions.
Typical optical macrographs of cross-sections of the welds are shown in Figs. 1 and 2. The relationship between welding parameters and quality of the welds are summarized in Fig. 3 . Concerning A-welds, visual inspections for the welds showed that defect-free welds were obtained in almost all FSW conditions with the exception of A5 one (2000 rpm/200 mm/ min, see Fig. 1 ). This means that FSW for 3-mm thick ZK60 magnesium alloy is feasible for joining in a relatively wide range of welding conditions. In A5 weld, flash was formed on the bead surface along RS. Formation of this defect during FSW is usually associated with excessive heat input and corresponding ejection of large mass of softened metal to the outside of the weld. 19) Concerning B-welds, all of them are found to be defective irrespective of rotation and welding speeds used. At some combinations of low rotation (600-1000 rpm) and low welding (100 mm/min) speeds, inner tunnel-type defect was observed along weld centerline (see, e.g., B1 and B3 welds in Fig. 2 ). The increment of the rotation speed to higher than 800 rpm significantly reduced the defect size, Table 1 FSW parameters used in the present study.
Designation of welds
Welding speed, V /mmÂmin transforming the tunnel-type defect into cluster of small voids. However, at rotation speeds higher than 1200 rpm, another groove-like defect was formed on the surface region of the weld (see e.g., B7 weld in Fig. 2 ). At combinations of low welding (100 to 200 mm/min) and high rotation (1200 to 2000 rpm) speeds, the defect was located mostly along AS, whereas those at high welding (200 to 400 mm/min) and rotation (2000 rpm) speeds the defect was shifted toward weld centerline. The tunnel-type defects as well as the groove-like ones are usually associated with insufficient material flow caused by insufficient heat input. [19] [20] [21] [22] [23] In the context of our study, of particular interest is the observation that weld quality of Aand B-welds is dramatically different at the same combinations of rotation and welding speeds (Fig. 3) . This indicates that the thickness of the plate to be joined has strong effect on weld quality of ZK60. The defective nature of B-welds may be explained by the difference in temperature distribution during FSW. It has been reported that the maximum temperature to be reached in a FSW process is reciprocally proportional to specimen thickness. 24) Therefore, a main cause why the material flow in the thicker plates (t ¼ 6 mm) was limited, which eventually led to the formation of defects, would be that the maximum temperature reached was lower than that in the thinner ones (t ¼ 3 mm). It appears that the lower temperature reached in the thicker one made the material flow by crystallographic slips along non-basal planes less active and eventually forced the alloy to occur twinning (as will be described later) to compensate material flow. The twinning, however, would not be sufficient to compensate crystallographic slips, resulting in insufficient material flow.
Microstructure refinement 3.2.1 Initial microstructure
Characteristic microstructural features of as-received alloy (hereafter Base Metal (BM)) are summarized in Figs. 4 and 5. The Base Metal exhibits a partially recrystallized structure consisting of coarse fibrous-shaped grains, several hundred micrometers long and approximately 100 mm thick, lying parallel to the extrusion direction; they contain dense substructures and much finer equiaxed grains located mainly at the coarse grain boundaries regions (see Fig. 4(a) ). The BM has a prominent fibre texture with h10 1 10i direction (Fig. 4(b) ) and misorientation-angle-distribution is shifted toward low-angles (Fig. 4(c) ); fraction of high-angle boundaries consists of about 41% of total grain boundary area.
Second-phase particles in BM consist of a mixture of coarse (>1 mm) Mg-Zn base intermetallics precipitated mainly along grain and sub-grain boundaries (Fig. 5(a) ), of coarse Zn-Zr base intermetallics which are preferentially sited within grains (Fig. 5(b) ) and of fine dispersoids average diameter of which is smaller than <0:1 mm, homogeneously distributed in grain interiors (Fig. 5(c) ). The total particles volume fraction measured by the point-count technique was approximately 11.1%. It is important to point out that some dispersoids seen in Fig. 5(c) have no distinct boundary with magnesium matrix and appear rather as white clouds. It is well known that a common characteristic feature of microstructures of magnesium alloys containing more than a few tenths percent soluble zirconium (including ZK60) is zirconium-rich cores that exist in most grains e.g.; 25) the cores are believed to be the products of a certain reaction during solidification.
26) The white clouds observed in Fig. 5(c) can be interpreted as the Zr-rich cores. 
Morphology of structures and grain size in FSWed alloy
Typical examples of the microstructures found in the central part of the weld regions (hereafter ''Stir Zone'') of Aand B-welds are shown in Fig. 6 (a) and (b), respectively. The microstructures are dominated by very fine grains. The Awelds exhibit a reasonably uniform grain structure consisting of equaxed recrystallized grains with little evidence of retained deformation. Grain structure of B-welds contains some lenticular-shaped features which can be interpreted as twins (arrowed).
In order to obtain a statistical view, more than 1000 grains were measured in each weld by linear intercept method and the resultant grain size statistics is summarized in Table 2 . The measurements confirm the formation of fine-grained structures: the mean grain size ranges from 1.2 mm in B1 weld to 7.0 mm in A3 one. In this context it is important to point out that FSW is a very effective tool for microstructure refinement in ZK60.
In order to obtain more detailed information on the fine microstructures developed in Stir Zone, the central part of the weld nugget region of A1 and B6 welds were studied by using EBSD and the obtained results are shown in Figs. 7 and 8. The EBSD-maps in Figs. 7(a) and 8(a) demonstrate that the microstructures contain significant fraction of low-angle boundaries (LABs). These LABs comprised of about 30% and 35% of total grain boundary area in A1 and B6 welds, respectively. Additionally, some grains revealed in the EBSD-maps are not completely outlined by high angle boundaries. Such observations have been frequently associated with development of grain subdivision process e.g.
27)
However, in our case, this issue may require additional detailed discussion.
Misorientation-angle distribution of A1 weld ( Fig. 7(b) ) is bimodal with a low angle peak and a wide peak in a misorientation range from 20 to 30 degrees. Misorientation distribution of B6 weld (Fig. 8(b) ) additionally exhibits a weak peak in the vicinity of 90 o . Misorientation distributions in magnesium alloys have not yet been investigated fully and the origin of these peaks is not completely clear. However, the weak peak near 90 o may be associated with f10 1 12g twinning which produces 86 o h1 2 210i misorientation in magnesium alloys e.g.
28)
Orientation data were obtained from the EBSD maps and were arranged as {0001} and f10 1 10g pole figures as shown in Figs. 7(c) and 8(c) . It is seen that the grains are preferentially oriented such that h0001i is near to WD. Formation of similar texture in the stirred zone of FSWed Mg-Al based alloys has been reported by many authors [2] [3] [4] [5] 8, 13) and attributed to the alignment of {0001} planes parallel to pin column surface during FSW. 29) As plastic strain of magnesium alloys at low temperatures arises mainly from slips on the close-packed basal {0001} planes, such texture may significantly affect on the mechanical properties of FSWed Mg alloys.
To evaluate the effect of FSW conditions on microstructure refinement, the mean grains size was plotted against the tool rotation speed normalized by welding speed (N/Vvalue) in Fig. 9 : The N=V-value is usually associated with heat input during FSW. 30) It is seen that the obtained grain size generally tends to increase with heat input but the trend is masked by large standard deviation of the measured grain size. Of particular interest is the observation that the thicker B-welds generally exhibit smaller grain size than the thinner A-welds at the same N=V-value. Smaller mean grain size in B-samples together with higher LABs fraction and presence of twins support our assumption that B-welds were produced at lower heat input than the A-welds.
Effect of Zr on microstructure refinement
The present investigation has clearly demonstrated that the extremely coarse initial grain structure in ZK60 magnesium alloy can be dramatically refined into equaxed fine grain structures by means of FSW. Meanwhile it has been reported that FSW appears to be not so efficient for microstructure refinement in Mg-Al based alloys and noticeable grain size reduction in these materials has been only observed either in the case of cast alloys 3, [7] [8] [9] or at the condition of incorporation of undeformable SiC, SiO 2 or C 60 particles into the material. [15] [16] [17] The uniqueness of the ZK60 alloys is the existence of secondary particles containing Zr. It is well known that hard, micron-scale, second phase particles can contribute grain refinement process. 31) In this regard, the superior grain refinement obtained in the ZK60 can be viewed from the particles containing Zr on the refining efficiency. Accordingly, precipitation behaviors and the correlation between the particles and microstructure evolution caused by FSW were considered in some detail for A1 weld for which the smallest grain size is obtained without any defect formation.
A typical precipitation pattern observed in Stir Zone is given in Fig. 10(a) . Coarse (>1 mm in diameter) particles tend to align with a common direction. Similar particles alignment along flow patterns has already been reported in some magnesium 11, 12) and aluminum alloys. e.g. 32) It seems that the reason for such particle distribution is still uncertain. However, it appears that kinematics of FSW process requires strain and strain rate variations that can cause particle segregation via material flow phenomena.
The particle volume fraction measured by the point-count method was 3.5%. This is significantly less than that of Base Metal (11.1 vol%) and, thereby, the particles appear to undergo partial or full dissolution during the FSW thermal cycle. A similar trend has been also observed in Mg-Al based alloys. 2, 6, 12) In order to identify the particles elemental composition in the Stir Zone, a total of 24 particles were studied by SEM-EDX technique. Due to limited spatial resolution, only coarse (>1 mm) particles were analyzed. All analyzed particles exhibit higher concentration of zinc and of zirconium than the surrounding material (a typical EDX line scan is shown in Fig. 10(b) ) and they have been interpreted as kinds of Zn-Zr intermetallics. Meanwhile, almost no Mg-Zn intermetallics have been found within the present experiment.
Summing up the significant reduction of the particle volume fraction and the predominance of the Zn-Zr-rich precipitates observed in Stir Zone, it is supposed that many of constituent Mg-Zn intermetallics went into solution during the FSW process that caused a considerable temperature change as well as stirring of the material in the Stir Zone. On the other hand, Zn-Zr intermetallics survived during the FSW and affected the microstructure evolution. Low magnification observations of the microstructures have shown that there appeared white ''clouds''-like regions on SEM images as shown in Fig. 11(a) . A detailed inspection has indicated that the ''clouds'' consisted of sub-micron scale fine particles (Fig. 11(b) ). It is also seen that average grain size within the ''clouds'' is significantly smaller than those in less particles regions, as seen in Fig. 11(b) . The EDX mapping has shown that some of the particles (arrowed in Fig. 11(c) ) are Zr-rich particles. It is generally believed that the Zr particles are effective grain refiners during solidification of magnesium alloys due to the low mismatch between magnesium and zirconium. 33) Our present study indicates that the particles containing Zr might have played an important role for the grain refinement during FSW of ZK60. Further studies will be necessary to discuss more in detail the role of particles containing Zr for the grain refinement caused by FSW process.
Conclusions
Feasibility of FSW process to produce defect-free weld and for microstructure refinement in a ZK60 magnesium alloy has been examined over wide ranges of rotational and welding speeds and the followings are the main conclusions obtained.
(1) Thickness of the alloy plate has the strongest effect on the weld quality of FSWed ZK60 alloy; Influences of the rotation and welding speeds are less significant in the present experimental range:
In the case of ''thin'' 3-mm thick plates, FSW is feasible in a relatively wide range of welding conditions, whereas all ''thick'' 6-mm welds have been found to be defective irrespective of rotational and welding speeds used. The defective nature of the thick welds seems to be attributed to insufficient heat input during FSW that would lead to less active crystallographic slips on non-basal planes.
(2) FSW is a very effective tool for microstructure refinement in ZK60. A single FSW pass refined mm-scale original grains down to fine-grained range irrespective of sample thickness and of rotational and welding speeds used. It appears that the superior grain refinement in ZK60 by means of FSW is associated with the particles containing Zr inherent to Mg-Zr alloys. Fig. 11 Effect of Zr particles on microstructure refinement in ZK60: (a) white ''clouds'' of fine dispersoids, (b) fine-grained structure within a layer of fine dispersoids (arrowed), (c) EDX map of particle-rich region (a Zr-rich particle is arrowed)
